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In the last few years, three laboratories have reported three entirely different crystallographic models for the L photointermediate of
bacteriorhodopsin. All are from X-ray diffraction of illuminated crystals that contain L in photostationary states created at similar cryogenic
temperatures. This article compares the models and their implications, the crystallographic statistics and the methods used to derive them, as
well as their agreement with non-crystallographic information.
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The study of membrane proteins such as transporters and
receptors has been long hindered by an inability to grow
diffraction-quality crystals, but the difficulties are slowly
overcome and there is now at least one example of a
crystallographic model for most classes of membrane pro-
teins. The new frontier is to describe the functional cycles of
these proteins in structural terms, as frames of an atomic-
level ‘‘movie.’’ Because the resolution of bacteriorhodopsin
crystals approaches 1.4 A˚ [1], and the intermediates of its
proton transport cycle can be trapped in photostationary
states under various conditions [1–13], there are crystal
structures available for each of the nine sequential states of
this protein (a set is reviewed recently in Ref. [14]).
Most of the events of the transport cycle of this light-
driven pump are well understood. After photoexcitation, the
all-trans retinal of bacteriorhodopsin assumes a strained 13-
cis,15-anti configuration in the K state, the strain partly
dissipates in the L state, and the protonated retinal Schiff
base loses its proton to asp-85 in the M1 state. After passing
through a series of M sub-states in which a proton is
released to the extracellular surface, the Schiff base becomes0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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the cytoplasmic surface in NV, the retinal reisomerizes to all-
trans in O, and in the last step asp-85 passes its proton to the
vacant extracellular release site.
Bacteriorhodopsin contains seven transmembrane helices
that enclose a cavity in which a retinal is bound via a Schiff
base to lys-216 on helix G. In the non-illuminated, or BR,
state, the active site is a complex containing a water
molecule (water 402) that receives a hydrogen bond from
the Schiff base and donates hydrogen bonds to the anionic
asp-85 and asp-212 that are to the extracellular side of the
retinal [15–17]. How this complex is changed in L so as to
make the Schiff base proton labile is a crucial question in
understanding the transport, but to the puzzlement of the
scientific community, the structural models for L from three
laboratories, 1E0P [6], 1O0A [5], and 1UCQ [9], all from
X-ray diffraction, are totally at odds with one another (a
recent fourth structure, 1VJM [10], is a repeat determination
of the first). This is particularly intriguing since reasonable
agreement exists for all deposited structures of the BR state,
and two of the three laboratories above had reported similar
structures for the K intermediate [1,8]. Fig. 1 compares the
region of the retinal in the three structural models.
In the coordinate set 1E0P (and 1VJM), water 402 is
missing in L, and helix C with asp-85 deforms and bows
inward to interact more directly with the Schiff base. The
Schiff base N–H bond, however, is turned toward the
Fig. 1. Region of the retinal (forming a protonated Schiff base with lys-216) in structural models for the L photointermediate in 1E0P [6], 1O0A [5], and 1UCQ
[9]). The conformation of the BR state, corresponding to Protein Data Bank coordinate sets used for each study, 1QHJ, 1M0L, and 1IW6, respectively, is
superimposed in green color. The numbering for water molecules is as used in the original publications. The direction of proton translocation is toward the
extracellular side (downward). The main structural differences between L and BR are as follows. In 1E0P, water 402 disappears, the retinal Schiff base turns to
the cytoplasmic side, the peptide segment of lys-216 moves downwards, and the side-chain of arg-82 flips away from asp-85. In 1O0A, the only notable change
is in a distortion of the retinal. In 1UCQ, water 602 moves with the Schiff base that is rotated to point in the cytoplasmic direction as in 1E0P, and joins water
601 in space vacated by the displaced side-chain of leu-93.
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anti configuration. Motions are described for the peptide
segment of lys-216 and for numerous side-chains in both the
extracellular and cytoplasmic regions, most notably arg-82
that flips from an ‘‘inward’’ to an ‘‘outward’’ direction (see
1E0P in Fig. 1), as found by others in later intermediate
states [2,3,7,11].
In 1O0A, water 402 is moved only slightly but the
hydrogen bond angle N–H: : :O, disrupted earlier in the K
state [1], is restored because the initially local twist of the
retinal near the isomerized C13MC14 bond is somewhat
relieved by its propagation toward both the h-ionone ring
and the lys-216 chain. The retinal chain is still strained,
with out-of-plane displacements of retinal atoms allowing
the N–H bond to continue to point to the extracellular
direction (see 1O0A in Fig. 1). This is the only structure
with such retinal geometry in L. Little else could be seen to
have moved noticeably elsewhere in the protein, within
error, with the exception of two non-polar side-chains near
asp-96 [5].
In 1UCQ, the retinal is modeled as planar and the Schiff
base N–H bond is reoriented to the cytoplasmic direction (see
1UCQ in Fig. 1).Water 402 (labeled here as 602) moved from
the extracellular to the cytoplasmic side of the Schiff base
where it is hydrogen-bonded to the Schiff base and an
existing but displaced water molecule (water 601,
corresponding to water 501 in 1O0A). Through two new,
although tentative, water molecules, a continuous hydrogen-
bonded chain might be formed between the protonated Schiff
base and asp-96 [9]. The side-chain of leu-93 on the cyto-
plasmic side of the retinal moves toward trp-182 to accom-
modate the displacement of water 601 and the insertion of
water 602 here. No change of the arg-82 side-chain is seen.
All three structures are for L trapped in photostationary
states at a cryogenic temperature, and the question may beraised whether any of them is relevant to the transiently
produced L after pulse photoexcitation at ambient temper-
ature [18]. In a larger sense, this question has occupied the
bacteriorhodopsin field for some time because most of the
voluminous literature of the infrared spectra of intermedi-
ates is on measurements of frozen samples. In a side-by-
side comparison, the vibrational bands of both K and L
states were found to be quite similar when measured at low
temperature and ambient temperature, except for the hy-
drogen-out-of-plane (HOOP) band of C15–H, which has a
lower frequency and lower amplitude in K and is absent in
L, at the cryogenic temperatures [19]. This would argue
that the twist of the retinal is less after illumination at low-
temperature than in the transient states. From solid-state
NMR, on the other hand, it was suggested that the retinal is
twisted around the C15MN bond in L, even at low
temperature [20]. The two results may be reconciled if
the absence of HOOP band is from steric conflict of the
C15–H with protein atoms in the binding site. In any case,
the structures of the low-temperature states are probably not
greatly misleading because if the K state is produced by
illumination at 80 K, its warming to 170 K will produce a
normal L, just as warming L produces M at higher temper-
atures [21,22].
This article compares the bacteriorhodopsin crystals
used to generate the three conflicting structures, the
conditions for trapping the L state, some crystallographic
criteria for the validity of the structural models, and
consistencies with non-crystallographic information. It will
also attempt to assess the implications of the three
structural models for the transport mechanism. None of
the models is free of at least some degree of contradiction
or conflict. The reader is urged to consult the original
articles when deciding which of the three structures is
likely to be right.
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twinning, occupancy
Two laboratories (structures 1E0P/1VJM and 1O0A) had
studied bacteriorhodopsin crystals grown with the cubic
lipid phase method [23] with the space group P63, while
the third group (structure 1UCQ) grew crystals with a vapor-
diffusion method [24] that yielded P622 symmetry. Both
kinds of crystals consist of stacks of sheets of hexagonally
arranged bacteriorhodopsin trimers, but the lattice constant
in the plane of these layers is 61 A˚ for P63 and 102 A˚ for
P622, indicating different side-to-side packing arrange-
ments. In the cubic phase crystals, the layers are identical
to the ‘‘purple membrane’’ sheets produced in vivo.
Although there are other important parameters to con-
sider, the crystallographic resolution is generally regarded as
the most revealing indicator of the quality of the diffraction
and the model produced. This is because the number of
unique reflections for refining a model, i.e., the information
content of data, is a steep (cubic) function of the resolution.
The reported resolutions for 1E0P and 1VJM, were 2.1 and
2.3 A˚ (13,088 and 9,848 unique reflections), respectively,
but for 1O0A it was 1.62 A˚ (28,097 unique reflections). For
1UCQ, the resolution was 2.4 A˚, but in the P622 space
group the unit-cell size is twice that in P63, and 12,844
unique reflections were collected. Another measure of the
quality of the models is the temperature factors (B-factors)
of protein and water atoms in the refined model. Typically,
in protein crystallography they are between 20 and 30 A˚2.
Much higher temperature factors indicate an unreasonably
large positional uncertainty for the atoms because (a) the
protein is highly flexible, (b) the diffraction quality is poor,
or (c) the model is not optimally refined. For 1O0A the
average B factor for protein atoms was 29 A˚2, for 1E0P and
1VJM it was 40 and 42 A˚2, respectively, and for 1UCQ 62
A˚2. Table 1 contains these statistics. The unusually high
average temperature factor in 1UCQ originates from the
data, because the Wilson B-factor, calculated from the
diffraction intensities before refinement of a model, is also
high (50 A˚2). For 1E0P, 1VJM, and 1O0A, with the same
crystal packing, the average temperature factors are consis-Table 1
Selected statistics for three structural models, 1E0P, 1O0A, and 1UCQ, for
the L state
1E0P 1O0A 1UCQ
Resolution (A˚) 2.10 1.62 2.40
Number of unique reflections 13,088 28,097 12,844
Twin ratio 26:74 47:53 N/A
Rcryst (%) 25.2 14.4 30.0
Rfree (%) 29.8 19.9 33.2
Average temperature factor for proteins (A˚2) 40 29 62
Average temperature factor for retinal (A˚2) 32 21 63
Average temperature factor for water (A˚2) 31 29 54
Average temperature factor for lipid (A˚2) 57a 62 115
a As 1E0P does not contain lipid atoms, the value is from the coordinate
set for BR from the same laboratory (1QHJ).tent with the number of unique reflections collected for data
sets, and suggest that the information in the additional
reflections in 1O0A do help the refinement and lower the
uncertainty in the atomic positions.
The P63 bacteriorhodopsin crystals, but not the P622
crystals, are merohedrally twinned [15]. Such twinning
means that the crystals contain two halves related by a
180j turn to one another. In such a situation, the reflections
from the two twins coincide. Because of this, merohedral
twinning is (a) hard to diagnose, and (b) a complication the
refinement of the model has to take into account. One
approach is to screen for the rare crystals that are only
partially twinned [6,10,17,25], because when the X-ray
scattering from the twin halves is unequal it is possible to
de-twin the data and then refine a model in a conventional
way, e.g., with the CNS program package. If the twinning is
close to perfect (near 50%), which is the case for most of the
cubic phase crystals, the better strategy is to use the data as
collected [1–5,13,15,16]. In the SHELXL-97 program, a
model re-twinned in each successive refinement cycle is
refined against the twinned data [26,27]. In either case,
noise propagates from the high-intensity reflections to the
overlapping low-intensity reflections, and the quality of the
data is lower than without twinning. For 1E0P, 1VJM, and
1O0A, the twinning was 26%, 27%, and 47%, respectively.
Rcryst and Rfree are statistics that reveal how well the
model corresponds to the X-ray reflection intensities. Table
1 lists these numbers for 1E0P, 1O0A, and 1UCQ. Structural
models are usually considered valid if Rcryst and Rfree do not
exceed 25% and 30%, respectively. It appears that in this
regard, 1UCQ is less than satisfactory.
With an integral membrane protein like bacteriorhodop-
sin, there is always a question about whether the crystal
contacts provide a membrane-like environment. Both kinds
of crystals contain native lipids. Five complete lipid mole-
cules, at the protein periphery, are included in 1UCQ, while
in the cubic phase crystals all of the lipids around the protein
in the ‘‘purple membrane’’ could be modeled, i.e., 10 lipids
per monomer, although with mostly partial chains. The
average temperature factor of the lipid atoms in 1UCQ is
115 A˚2, a value so high that usually such atoms would not
be included in a model. The positions of lipids are better
defined in the cubic phase crystals (reviewed in Ref. [28]).
The average value for lipid atoms in 1O0A is 62 A˚2. Lipids
are not included in 1E0P, but in the BR model used in its
calculation, 1QHJ [17], the average temperature factor for
lipid atoms was 57 A˚2. Although it is difficult to assess what
role lipids might play in the motional freedom of residues
and water in the protein interior, if there is an artifact from a
deficiency of lipid it would not be for the P63 crystals,
because in this regard they are equivalent to the natural
membranes. The same can be said about motional freedom
from crystal packing, at least in the a–b crystal plane, as the
lateral arrangement of monomers in the P63 crystals is the
same as in the naturally occurring P3 lattice of the ‘‘purple
membranes’’.
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by illuminating crystals at cryogenic temperatures. In the
photostationary states created in this way, the conversion of
BR to L is always incomplete. The occupancy of L ranged
from 20% (in 1UCQ) to about 60% (in 1O0A), with
disputed values somewhere between the lower and the
higher value for the other two structures (see below).
Refinement against diffraction data from two overlapping
conformations, particularly at a low occupancy for the
conformation of interest, makes great demands on the
quality of the data. Two data sets are collected, one for a
non-illuminated crystal that contains only BR, the other for
an illuminated crystal that contains BR plus L. One of the
approaches, employed for 1E0P, 1VJM, and 1O0A, is to
refine two conformations against the data from the illumi-
nated crystal, one fixed to be the model for non-illuminated
bacteriorhodopsin as a rigid body, and the other the L state.
The other approach (for 1UCQ) is to calculate a set of
structure factors for the L state by subtracting the structure
factors of the non-illuminated crystal from those of the
illuminated crystal, with appropriate scaling. In either alter-
native, the magnitude of errors in the calculated L structure
is greater than in either of the two data sets. Crystal-to-
crystal variations and Fourier noise will both contribute to
errors in the calculated structure of L. The lower the
occupancy of this state, the greater the error.
All three groups made use of absorption spectra of single
crystals, taken before and after the illumination, to assess
what intermediate was produced (see also below) and in
what quantity. Only one of the groups had the instrumen-
tation to make such measurements on the same crystal as
used for the diffraction, although they have not included
such data in their publication [9]. In the other reports,
spectra determined for illumination regimes similar to those
used at the synchrotron facility were used to estimate the
amount of L state. Some of the estimates were supplemented
by crystallographic determinations. The occupancy was
refined in the case of 1VJM, with an iterative method in
which the R-factor was minimized [10]. For 1UCQ, the
disposition of leu-93 was used to refine the occupancy [9].
The crystallographic occupancies agreed with the values
from spectroscopic determination with the crystals. For
1E0P, a novel crystallographic criterion was used to estimate
occupancy [29].3. Damage from X-ray irradiation
The report on 1UCQ [9] raises the question of radiation
damage in the crystals used by the others, as the group had
done previously a thorough study of the effect X-ray of
exposure on bacteriorhodopsin crystals [8]. Damage is
evident from (a) progressive spectral changes of the retinal
chromophore upon irradiation, and (b) deteriorating quality
of the maps at some side-chains, particularly at the carboxyl
group of aspartates. In the study of the L state [9], spectralevidence of radiation damage, a blue-shift of the main
absorption band of the retinal chromophore, was clearly
observed, but deterioration of the maps less so. At the X-ray
radiation flux of 1012 photons/s, the exposure was deemed
safe. As a precautionary measure, three data sets, collected
with three different initial orientations, were merged so as to
average out any damage in the later stages of data collection.
No mention was made if this improved or changed the
model. A quick survey reveals that the X-ray flux (and the
total number of X-ray photons received per mm2 by the
crystals during the measurements) at beamline 8.2.1 of ALS
(for 1O0A), and at the beamlines at ESRF used for 1E0P
and 1VJM, is roughly the same as used after attenuation of
the Spring-8 beamline for 1UCQ. Indeed, the quality of the
2Fobs–Fcalc electron density map for 1O0A, at least, shows
no evidence of deterioration (no such maps are shown for
1E0P and 1VJM in Refs. [6,10]). It appears that radiation
damage, if there is any of significance, should be similar for
all data collected on the L state, and cannot be responsible
for the large differences in the refined models.4. Restraints, controls, duplicates
Much of the interest in the L state is in the geometry of
the retinal, because it will determine how and why the Schiff
base proton will be transferred to asp-85 in the L to M
reaction. Vibrational spectroscopy at both cryogenic and
ambient temperature [20,30,31] had indicated that the retinal
configuration is a strained 13-cis,15-anti, but less strained
than in the previous state, K. The atomic displacements
cannot be large, however, and have to be dissected from the
two highly overlapping conformations. The exact details of
the conformation of the polyene chain being the question,
the temperature factors of retinal atoms in the refined
models assume special significance. It helps that the retinal
is at the center of the protein, in a particularly rigid
environment [32] that limits thermal motion. Indeed, as
Table 1 shows, 1E0P and 1O0A contain much lower
temperature factors for the retinal than the average value
for the protein, although this is not so for 1UCQ. The exact
details of retinal geometry in the latter should be viewed
with some degree of caution.
For the same reason, the restraints on bond angles and
out-of-plane displacements commonly used in refinement
should be removed. This was done for 1O0A [5], and this
refined model does not rely on input angles, but for 1E0P
and 1VJM such restraints were used [6,10]. Restraints are
not discussed for 1UCQ [9]. One must keep in mind that the
crucial question of whether the N–H bond faces the
extracellular or cytoplasmic side is decided in favor of the
latter when the retinal is forced into a flat shape, because an
extracellular orientation of the Schiff base of the 13-cis,15-
anti retinal can be maintained only with out-of-plane dis-
placements of the polyene chain. This being so, the retinal
configuration in 1E0P and 1VJM are open to question.
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data will be gained from suitable controls. The first kind
of control is to examine Fobs–Fobs difference maps, calcu-
lated directly from the measured data from the illuminated
and non-illuminated crystals and the model for the BR state.
Structural changes appear as positive and negative density
features against a background of random density peaks from
noise. The intent is to make a judgment from the maps as to
which structural changes are significant, before refinement
of the model. For 1UCQ, the difference map, contoured at
3.5 r, contains remarkably well-formed features that are
fully consistent with the changed refined structure of L,
against a nearly noise-free background. For example, the
movement of water 602 from the extracellular to the
cytoplasmic side of the Schiff base appears as a pair of
negative and positive density peaks. These peaks have far
higher amplitudes and more regular shapes than what might
expected from X-ray scattering by 1/5 of a water oxygen (at
20% occupancy of L), particularly in view of its high
temperature factor (50 A˚2 in 1IW6, the BR state model in
this study, and 54 A˚2 in 1UCQ). A pair of negative and
positive peaks at the C13MC14 bond of the retinal clearly
show the displacement of atoms from the isomerization, and
the movements of the side-chains of leu-93 and trp-182 are
also readily evident in the difference map [9]. The strong
and clear difference density peaks associated with waters
601 and 602 are in strange contrast, however, with the poor
correspondence of the 2Fcalc–Fobs electron density map
with the superimposed model of the L state in this region
(Fig. 6b in Ref. [9]).
The Fobs–Fobs difference map, contoured at 3.4 r,
contains much more noise in 1E0P and 1VJM (compare
Fig. 2 in Ref. [6] with Fig. 4 in Ref. [9]), and it supports the
refined structures less well. The impression that noise
overwhelms the data is not alleviated by comparison of
difference maps from two sets of data for L, one after
illumination with red light at 170 K and the other with green
light at 150 K [10]. While the difference peaks have the
highest amplitudes at the center of the protein, where the
structural changes are expected, this would be true also for
Fourier noise because the temperature factors are the lowest
in this region. The absence of water 402 in the structure of L
appears as a negative density peak, consistent with the
refined model, but there are no features at the retinal. There
is a positive peak at the main-chain at asp-85 but no
corresponding broad negative peak that would support the
inward bowing of helix C in the refined model. However,
this feature, as is the geometry near the retinal, is reproduced
in both refined models.
The difference map method failed altogether for 1O0A,
as there were no features, from structural changes or noise,
at a contour level as high as 3.5 r. At 1 r, the density
peaks near the retinal are what one would expect from the
all-trans to 13-cis isomerization [5], but contoured in this
way, noise peaks will be prominent at other locations. This
is consistent with the small magnitude of the structuralchanges in the refined model for L but hardly satisfactory,
as a difference map cannot be used to assess the data.
Instead, for 1O0A other controls were reported. The
refinement of two overlapping models was performed
against data from a non-illuminated crystal also, with the
idea that the deviation of the mock second conformation
from the structure of non-illuminated BR will indicate the
magnitude of noise. The agreement of the two conforma-
tions in this 2Fcalc–Fobs omit density map (calculated
without phase contribution from the retinal) is reasonably
good (see Fig. 3 in Ref. [5]), and argues that when there is
a second conformation produced by illumination (i.e., the
L state) it is defined above the noise level. The entire
experiment was repeated with several independent crystals
to generate duplicate models for estimating the crystal-to-
crystal variability of the atomic positions. Reassuringly,
this variability, at ca. F 0.2 A˚ for the retinal atoms, is no
greater than what would be expected, roughly, for the
mean positional uncertainty of atoms at the resolution and
refinement statistics for 1O0A. The changes in the retinal
from the illumination were above this level. Such controls
are not available for 1E0P, 1VJM, and 1UCQ.5. Is it really the L intermediate?
The conditions for accumulating the L state by illumi-
nation at cryogenic temperatures have been worked out for
water-glycerol suspensions of purple membranes with
UV–VIS [33], and for bacteriorhodopsin films with FTIR
spectroscopy [29], and there is abundant evidence that they
are suitable for crystals also [5,9]. It is possible to trap L
using green-light illumination (to maximize accumulation
of K) at 100 K, followed by warming the sample to 150–
160 K to allow the K to L thermal reaction, and re-cooling
it to 100 K in the dark. However, the amount of L trapped
under these conditions is less than what can be achieved
by illumination at >100 K. Between 150 and 200 K,
illumination with green or red light produces L, together
with K and increasing amounts of M at the higher temper-
atures. In this temperature range, L is a component of a
photostationary state that develops from the formation of L
from K that arises upon the photoexcitation, thermal decay
of L to M that branches to the initial BR, and photo-
conversion of L to LV, with the latter state decaying to the
BR state also. The optimal condition for producing L is
red-light illumination at 150–170 K. The use of red light
minimizes photoconversion of L to LV, and a temperature
below 180 K avoids accumulating significant amounts of
M. Different illumination regimes were followed by the
different groups, but in all cases the illumination was near
150–170 K, and the diffraction was measured after low-
ering the temperature to 100 K where there is less damage
from X-rays.
For 1E0P, illumination was with green light (532 nm
diode laser) for 30 s at 170 K, and the published spectrum of
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The controversy that developed prompted a pointed descrip-
tion of the optimal illumination conditions for accumulating
the early intermediates of the cycle, and the means to
estimate their amounts [33]. Re-analysis of the published
spectrum suggested that it contained more M than L. In their
rebuttal [28], the original authors suggested that the absorp-
tion bands of the bacteriorhodopsin chromophore in L and
M are somewhat different in membranes and crystals, in
spite of other reports in which the spectra of L and M in the
crystals were essentially the same as in membranes [5,13],
(and later in Ref. [9]). In their revised analysis, the original
authors lowered their estimate of the occupancy for L from
70% to 35% [28]. The diffraction experiment was repeated
at 150 K with red-light illumination (635 nm diode laser) to
produce 1VJM. Single-crystal spectroscopy still seems to be
a problem, having produced an unusual red-shifted differ-
ence spectrum for the L state produced [10], not observed in
bacteriorhodopsin crystals by others. Its amplitude would
suggest an occupancy of 30% from model spectra [33], but
the authors argue for 40% [10], and according to their
crystallographic analysis the occupancy of L was 50%.
The similarity of 1E0P and 1VJM, refined in one case as
70% L, but from a mixture of L and M, and as 50% L
without M in the other, would suggest that the structural
differences between L and M are small. The structural
differences between 1O0A and the M1 state produced at
210 K [5,13] are indeed small, but both of these models are
quite different from 1E0P and 1VJM.
The 1O0A data set was produced for crystals illumi-
nated at 170 K for 60 s with red light (633 nm diode
laser). Data were given also for illumination at 150 K. At
170 K the spectra of the crystals indicated that both L and
M were produced, with occupancies of 55% and 10%,
respectively. The presence of M was ignored in the
modeling, and the L occupancy was taken simply as
60%. At 150 K the same illumination produced no M
but the occupancy of L was only 30%. The models for
three data sets measured at each temperature at similar
crystallographic resolutions, were similar, although there
was more noise at the lower occupancy.
The data for 1UCQ were collected after illumination of
the crystals with green light at 160K (532 nm laser) for 1
min. The non-optimal wavelength would, by itself, account
for the low (20%) occupancy of L. After cooling to 100 K,
the crystals were illuminated additionally, with far-red light
(678 nm laser) throughout the entire period of data collec-
tion. The stated reason was that upon cooling, the K/L
equilibrium that favors L at 170 K shifts thermally toward K
at the lower temperature, and K needed to be removed from
the mixture. This is a curious claim because if the L to K
back-reaction were possible at 100 K, photoconversion of K
to BR by the red-illumination would deplete L also, through
its continued re-equilibration with K, and the crystal would
contain nothing but the BR state. In that case, the difference
of the calculated structure of L from BR is noise.Thermal reversion of L to K upon cooling is not
supported by the series of spectra shown for a complex
temperature-shift and illumination regime (Fig. 1 in Ref.
[9]). There is no such process reported in the extensive
bacteriorhodopsin literature. To the contrary, re-cooling of
the mixture containing the L state to 100 K is a preferred
way to study the vibrational spectrum of L in bacterio-
rhodopsin films [34], and FTIR spectra distinguish L
clearly from K. The lengthy red-light illumination at 100
K is troubling. It is the main difference between the
conditions used for 1UCQ and the other studies to produce
the L state.
The relaxed geometry of the retinal and the appearance of
four cytoplasmic water molecules in 1UCQ are similar to
the model for the NVstate (1P8U, [4]). The latter is an
intermediate arising later in the photocycle, after reprotona-
tion of the Schiff base by asp-96 and asp-96 from the
cytoplasmic surface, but before reisomerization of the
retinal to all-trans. The observed string of four water
molecules was expected after decay of M, because such a
chain is the only means for conducting a proton over the ca.
10 A˚ that separates asp-96 from the Schiff base. The NVstate
had been produced in the V49A mutant, where the decay of
this state is slow, by 60 s illumination with red light (633
nm) at 295 K, followed cooling to 100 K. In the case of
1UCQ, the NV state would accumulate only if the crystal
were warmed by the far-red laser from 100 K to a temper-
ature as high as 230 K, where L would decay to M,
additional M would be produced by the illumination, and
M would decay not only directly to BR but partly also to N.
There is no information to decide if the temperature of the
crystal rose during the diffraction experiment. On the other
hand, the difference spectra after illumination during expo-
sure to X-ray over 120–1620 s (Fig. 3 in Ref. [9]) do seem
to indicate more spectral changes than reported earlier in a
similar experiment but without the red-light illumination
(Fig. 2a in Ref. [8]). The difference spectrum characteristic
of N (and NV) is a negative band somewhat to the blue-side
of the BR peak [35]. Indeed, the shift of the main absorption
band near 560 to about 450 nm (from radiation damage) is
accompanied by a decrease in absorption to the blue-side of
the main band that could have originated from a small
amount (e.g., 20%) of N.
The similarity of 1UCQ to NVraises the opposite ques-
tion also: could the structure earlier identified as NVmight
have been, in fact, the L state? The lifetime of L at room
temperature, where NVwas produced, is about a millisecond,
and it cannot accumulate significantly even at the highest
illumination intensity possible. However, as a precaution to
avoid decay of NVwhile the block was removed from the
flowing cryo-stream of nitrogen directed to the crystal,
illumination was continued for an additional 1 s [4]. In
principle, L might have been produced as the crystal passed
through the 150–200 K temperature range, but in no more
than minute amounts, as under these conditions L accumu-
lates on a minute, rather than second, time-scale.
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state
FTIR and resonance Raman spectroscopy had yielded
valuable early information about the geometry of the retinal
in L. The magnitude of the deuterium shift of the CMN
stretch frequency, coupled to N–H rock, revealed that while
the hydrogen-bonding of the Schiff base is absent in K, it is
restored in L [30]. This is in contradiction with 1E0P and
1VJM, where the Schiff base is not hydrogen-bonded at all,
but consistent with 1O0A and 1UCQ, where the connection
of the Schiff base with a water molecule is maintained. The
HOOP bands near the Schiff base are diminished in L
relative to the K state but not wholly eliminated, suggesting,
as did solid-state NMR [20], out-of-plane displacement of
the retinal skeleton, consistent with 1O0A but not the other
structures.
The CMO stretch band of the protonated asp-96 is
affected in the L state, and in some reports the interpretation
was that asp-96 is deprotonated, while others proposed that
it remains protonated but has a stronger hydrogen bond
(reviewed in Ref. [36]). In 1E0P there is no change in this
region. In 1O0A, shifts of the phenyl rings of phe-42 and
phe-219 near the asp-96 carboxyl might explain the FTIR
data, but the hydrogen-bonded chain of water that ends at
asp-96 in 1UCQ is an even better explanation.
In a recent series of publications [34,37,38], self-consis-
tent changes in O–H and O–D stretch bands of water in the
L state of various bacteriorhodopsin mutants suggested the
appearance of several new water molecules in the cytoplas-
mic region. The rationale of this investigation was that the
location of a water molecule can be inferred from perturba-
tions of its vibrational bands when near replaced side-
chains. The conclusion is consistent with 1UCQ but not
the other structural models. The models 1E0P, 1VJM and
1O0A can be reconciled with the FTIR spectra of L only if
(a) the observed effects of mutations on the vibrational
bands are from long-range rather than short-range interac-
tions, (b) at least some of the bands are from water
molecules in the mutated protein not present in the wild-
type, as found for example in the crystal structure of the
F219L mutant [4], or (c) the water molecules found in the
infrared study in L are too disordered to be detected in the
maps.7. Implications of the different l models for the transport
mechanism
The proton transport mechanism suggested from 1E0P
and 1VJM centers around the observation that water 402 is
missing from the structure. With this water moved away, the
Schiff base/asp-85 complex becomes unstable and a proton
will pass from the NH+ to the COO to produce the next
state, the M intermediate. Asp-85 is the proton acceptor
because the segment of helix C that carries this residue bowstoward the Schiff base, and the anionic side-chain
approaches the proton donor. After the proton is transferred
to asp-85, the deformation of helix C recovers. This mech-
anism is consistent with earlier suggestions of the stabilizing
role of water for the buried Schiff base–counterion charge
pair [39], but seems to be contradicted by the fact that in the
1E0P and 1VJM coordinate sets there is no evidence
whatever for any part of asp-85 being nearer to the Schiff
base nitrogen in L than in BR (see 1E0P in Fig. 1).
The mechanism suggested by 1O0A is quite different.
Energy is stored in the steric strain of the photoisomerized
retinal, rather than in an absence of water 402. The photo-
cycle steps leading to the last of the M states are seen as
stages of relaxation of this strain. Proton transfer from the
Schiff base to asp-85 is driven by the fact that by removing
the charges from the two groups and breaking their electro-
static interaction, deprotonation allows the Schiff base
nitrogen to turn to the cytoplasmic side so the retinal can
assume the normal bent contour of the 13-cis,15-anti con-
figuration (as suggested on other grounds in Ref. [40]). The
mechanism is supported by the gradual changes in the
retinal in the crystal structures reported by the same group
for K, L, and the sequence of M states that follows [14]. The
proton transfer to asp-85 occurs through its hydrogen bond
with water 402, which moves away only after the Schiff
base is deprotonated.
From the 1UCQ model, a third mechanism was sug-
gested [9]. Here, proton transfer to asp-85 is driven by the
decreased pKa of the protonated Schiff base when it is
turned from the polar extracellular region to the hydropho-
bic cytoplasmic region in L, even with its hydrogen bond to
the moved water 602 retained. The chain of water molecules
that in L connects the deprotonated Schiff base with asp-96
disappears in the M state, returns to facilitate Schiff base
reprotonation in the M to N reaction, but disappears once
again as the initial BR state recovers.
Perhaps the most important question for bacteriorhodop-
sin, as for any pump, is the nature of the switch reaction that
gives the transport its directionality. There can be no dispute
that the means by which the connection of the retinal Schiff
base changes from asp-85 (the proton acceptor on the
extracellular side) to asp-96 (the proton donor on the
cytoplasmic side) are crucial and decisive in the transport.
First, a protonation equilibrium develops (LXM1) between
the Schiff base and asp-85 that still favors a protonated
Schiff base [41,42], but the equilibrium is shifted toward its
deprotonation as the pKa of asp-85 is raised by its coupling
to proton release to the extracellular surface [43]. Reproto-
nation of the Schiff base from the cytoplasmic side occurs
after it becomes connected to asp-96, which acquires a
lowered pKa. The different structural models explain these
events differently.
In the transport mechanism suggested by 1E0P/1VJM, in
L the Schiff base N–H faces in the cytoplasmic direction
toward asp-96, and its direct connection to asp-85 is broken
before deprotonation of the Schiff base. If the proton is to be
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by moving against the electrical field of the anionic asp-85/
asp-212 pair, and then travel over a trajectory of more than 5
A˚ in a U-turn that reverses its direction toward the extracel-
lular region. There are no hydrogen bonds that would direct
this motion by bridging the proton donor and acceptor.
However, if the proton can move in spite of this, asp-85 will
be protonated because it is a ready proton acceptor, while asp-
96 is protonated with a high pKa and thus is not available. The
switch, i.e., reprotonation of the Schiff base from asp-96
rather than from asp-85, will depend on keeping the pKa of
asp-85 high, and on allowing entry of water into the cyto-
plasmic region to lower the pKa of asp-96 and build a
hydrogen-bonded chain of water to the Schiff base. In this
mechanism the rise of the pKa of asp-85 upon proton release
must be accomplished by means other than the flipping of the
side-chain of arg-82 because it has moved already before
protonation of asp-85 (see 1E0P in Fig. 1).
In 1UCQ also, the problem is how to maintain the
connectivity of the Schiff base to asp-85 in L in spite of
an unfavorable geometry and increased distance. Because
here the protonated Schiff base, pointing in the cytoplasmic
direction, is hydrogen-bonded to a water molecule, there is a
possibility that the charge could shuttle around the Schiff
base as H3O
+, rather than a free proton, between the
cytoplasmic side and asp-85. On the other hand, 1UCQ is
compatible with an arg-82-mediated coupling between pro-
ton release and the rise of the pKa of asp-85.
In contrast, in the mechanism suggested by 1O0A, the
switch resides mainly in the geometry of the Schiff base.
Before its deprotonation, the Schiff base is connected to asp-
85 through water 402, but after the proton transfer it turns
from the extracellular to the cytoplasmic direction and faces
toward asp-96. The conditions that first raise the pKa of asp-
85, and then lower the pKa of asp-96 and establish a path for
the proton transfer, drive the Schiff base deprotonation and
reprotonation, but only because the flip/flop of the Schiff
base makes and breaks the hydrogen bonds over which the
proton transfers can occur.References
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